Sentinel lymph node biopsy (SLNB) has become the standard method for axillary staging in breast cancer patients, relying on invasive identification of sentinel lymph nodes (SLNs) following injection of blue dye and radioactive tracers. While SLNB achieves a low false negative rate (5-10%), it is an invasive procedure requiring ionizing radiation. As an alternative to SLNB, ultrasound-guided fine needle aspiration biopsy has been tested clinically. However, ultrasound alone is unable to accurately identify which lymph nodes are sentinel. Therefore, a non-ionizing and noninvasive detection method for accurate SLN mapping is needed.
INTRODUCTION
Sentinel lymph node biopsy (SLNB) has emerged as the preferred method for axillary lymph node staging of clinically node-negative breast cancer. [1] [2] [3] The first lymph nodes to receive drainage from the primary tumor are defined as sentinel and are most likely to be positive for metastases. Axillary lymph node staging in clinically node-negative breast cancer patients often proceeds in two surgical stages. If the pathological SLNB results are positive, then the patient undergoes a second more involved surgery, axillary lymph node dissection (ALND) to remove all level I and II lymph nodes. Typically, 10-30 lymph nodes are removed during ALND, which is associated with nerve injury, lymphedema, and decreased range of motion in the shoulder. If the SLNB results are negative, then full axillary lymph node dissection (ALND) can be avoided. SLNB following injection of radioactive tracers and blue dye achieves high identification rates (90-97%) and low false-negative rates (5-10%). [4] [5] [6] SLNB has revolutionized the assessment of the axilla for patients newly diagnosed with breast cancer. However, SLNB is a time-consuming procedure, requiring a considerable amount of operating room time to harvest the nodes and significant time for the histological diagnosis. Furthermore, while SLNB reduces the morbidity and side-effects as compared to ALND, it still remains an invasive surgical procedure with potential post-operative complications including lymphedema, seroma formation, sensory nerve injury and range of motion limitations. 7, 8 A recent clinical trial found that 74.2% (3989 of 5379) of breast cancer patients who underwent sentinel lymph node (SLN) resection were pathologically negative. 9 For the majority of SLNB patients, a preoperative and noninvasive alternative could more efficiently stage the axilla without requiring surgical intervention. Noninvasive identification of SLNs would allow percutaneous needle biopsies to sample the lymph nodes that are most likely to contain metastatic tumor cells.
Photoacoustic imaging is a non-ionizing and noninvasive hybrid imaging technique that can supply strong optical absorption contrasts with high ultrasonic spatial resolution. 10, 11 Photoacoustic imaging relies on the photoacoustic effect for generating pressure waves under thermal and stress confinement conditions. A short pulsed laser is used to irradiate tissue causing optical absorption, rapid thermoelastic expansion, and acoustic pressure wave generation. Photoacoustic pressure waves can be detected using ultrasound array transducers for efficient parallel data acquisition. A table-top photoacoustic imaging system based on mechanical raster scanning has been applied to identify rat SLNs in vivo using methylene blue, gold nanoparticles, and single-walled carbon nanotubes. [12] [13] [14] [15] However, the imaging speed of this system (~18 min for 24 × 24 mm 2 field of view) limits its clinical applicability due to mechanical scanning.
In this study, we report the development of a combined photoacoustic and ultrasound imaging system 16 that can potentially provide accurate, non-ionizing, and noninvasive mapping of human SLNs to guide fine needle aspiration biopsies (FNAB) for axillary staging in breast cancer patients.
METHODOLOGY

Animal and dye preparation
Animal protocols were approved by the Washington University Animal Studies Committee and animal handling was performed according to the guidelines on the care and use of laboratory animals. Healthy Sprague Dawley rats were initially anesthetized using a mixture of ketamine (85 mg/kg) and xylazine (15 mg/kg). The hair in the left axillary region was gently depilated before imaging. Photoacoustic and ultrasound images were collected before and after 0.1 mL intradermal injection of 1% methylene blue dye (10 mg/mL, American Reget, Inc., Shirley, NY) into the left forepaw pad. Animals stayed under full anesthesia throughout the experiment using isofluorane gas (1 L/min oxygen and 0.75% isofluorane, Euthanex Corp., Palmer, PA). Simultaneously, both heart rate and saturation of peripheral oxygen (SPO2) were monitored using a pulse oximeter (8600V, Nonin Medical, Inc., Plymouth, MN). After imaging, animals were euthanized with an overdose of pentobarbital, and SLNs were dissected.
Photoacoustic imaging system
A one of a kind photoacoustic system ( Figure 1 ) has been built around a Philips iU22 ultrasound imaging system (Philips Healthcare, Andover, MA). 17 The modified channel board architecture allowed access to raw per-channel photoacoustic data, while retaining all imaging capabilities of an actual commercial ultrasound scanner. Raw photoacoustic and ultrasound data were transferred to a custom-built data acquisition system for image display and post-processing, providing dual-modality imaging capability. Photoacoustic images were reconstructed using a Fourier beamforming algorithm 18 implemented in Matlab (MathWorks Inc., Natick, MA), generating a photoacoustic B-mode image from one laser shot. An FPGA-based electronic board synchronized iU22 data acquisition with the laser firing. For this study, the linear array L8-4 probe with nominal bandwidth 4-8 MHz was used.
Light from a tunable dye laser (ND6000, Continuum, Santa Clara, CA), pumped by a Q-switched Nd:YAG laser (Brilliant B, Quantel, Les Ulis, France) with 6.5-ns pulse duration and 10-Hz pulse repetition rate, was delivered through a high temperature epoxy, multimode fiber bundle (SCHOTT Fiber Optics, Southbridge, MA). Photoacoustic images were acquired using 658 nm light to produce the strongest photoacoustic signals from methylene blue based on the laser power spectrum. The light fluence on the skin was less than 5 mJ/cm 2 , well within American National Standards Institue (ANSI) safety limits. 19 The fiber bundle was physically attached to an ultrasound probe to enable dual-modality photoacoustic and ultrasonic imaging. The final optical illumination pattern on the skin surface was rectangle-shaped (3 cm × 1 cm along the X and Y axes, respectively). The imaging plane of the ultrasound probe was coaxially aligned with the oblique incidence (~45º) of the rectangle-shaped optical beam on the targeted area. The photoacoustic probe was partially immersed in a water tank which had an opening at the bottom sealed with a thin, disposable, clear membrane. Rats were placed below the water tank, in contact with the membrane via ultrasonic coupling gel. 
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